(Received 12 May 1993; accepted for publication 20 July 1993) We report direct observations of all-optical mirrorless bistability associated with saturable absorption in three kinds of bacteriorhodopsin (BR) samples: wild-type BR in water solution and dispersed in thin films of a polymer matrix as well as water solution of the genetically engineered mutant BRo,G,. The experiments are carried out with picosecond pulses at 532 nm. The values measured for the saturation intensity are explained in terms of the relaxation of the excited M state population to the B state of the BR photocycle for the three kinds of samples studied.
The biological photochrome bacteriorhodopsin (BR) is receiving much attention as an interesting alternative to conventional materials for a variety of applications '-5 in optical recording and information processing. Recent advances in genetic engineering technique8 for tailoring molecular properties (some of which were already optimized by evolution in nature) make it an outstanding photonic material. Models of "biochips" with BR as a molecular switch were already proposed.7 Second harmonic generation,' saturable absorption,' conjugation" self-defocusing, and phase of thin films with low power visible continuous wave (cw)lasers are reported. Optical bistability in a Fabry-Perot resonator" and in a waveguide configuration" is investigated with varying degrees of success. Optical bistability and signal competition were studied in a resonant cavityI containing a photochromic absorber on BR and an organic dye.
In this letter we report direct observations of alloptical mirrorless bistability which is due to optical absorption that decreases as the material becomes more excited, in wild-type BR in water solution and in a thin film dispersed in a polymer matrix, as well as for water solution of its genetic variant BRns6~ (Asp96 -+ Asn) .
The purple membrane from Halobacterium halobium contains the photochromic protein BR in a lipid bilayer. In the halobacterial cell it acts as a light driven pump. The BR molecule consists of a single polypeptide chain of 248 amino acids. A retinal molecule linked via a protonated Schiff base to lysine 216 forms the chromophoric group. The proton pumping activity of light adapted BR is associated with conformational changes of the BR molecule and its chromophoric group during the photocycle shown in Fig. 1 . The initial B state of BR has an absorption peak at 570 nm while the long-lived M state has an absorption peak at 412 nm. As the initial state has a broad absorption band it can be excited by means of red, yellow, or green light. The M state can revert to the initial state via a thermal process or by a photochemical process by excitation with blue light. The lifetime of the M state depends on the reprotonation process. It can be altered by different means: drying, supplying additives, reducing the temperature, and finally by genetic substitution of the aspartic acid in position 9 6 by asparagine (Asp9 6 + Asn) .6 The asparagine substitution completely inhibits the reprotonation process as a result of which the lifetime of the M state is substantially increased by several orders of magnitude, milliseconds to seconds. The BR thin films used in our experiments were purchased from Wacker Chemical(U.S.A.)
Inc.. It is a product of Consortium fur Electrochemische Industrie GmbH. They are 35 ,um thick and consist of wild-type BR dispersed in a polymer matrix. The BR and BRDs6N water solutions (at pH 7.0) were prepared 'at the Natick Laboratories as described by Oesterhelt et al. I4 The experimental arrangement for studying intensity dependent absorption consists of a mode-locked, repetitively pulsed Quantel Nd:YAG laser, frequency doubled to give 532 nm. The duration of the laser pulse is 30 ps. The output energy per pulse is 25 mJ. A lo-cm focal-length lens is used for the high intensities. The intensity was varied using a standard combination of a half-wave plate retarder and two polarizers. measurements. The uncertainty in the absolute values of the intensity may be *5% but relative values are more accurate. Total energy transmission is obtained directly from a pair of Molectron pyroelectric energy meters. The meters were interfaced to a personal computer for data acquisition and analysis. The nonlinear sample was placed in the path of the laser beam. 2-mm glass cuvettes are used for the water solutions. Thin 6lms obtained from Wacker are sandwiched between glass plates. All the samples studied displayed the bistable behavior. The experimental results are shown in Fig. 2 illustrating hysteresis in the transmission response. The bistability is induced at low incident intensities for dry samples of wild-type BR (thin film) and solutions of the mutant, for both of which the reprotonation process is somewhat inhibited and the lifetime of the M state is long. For water solutions of wild-type BR, on the other hand, the lifetime of the M state is relatively short due to reprotonation and the optical bistability occurs only at two to three orders higher intensities. The hysteresis loops are nonsquare, making the actual switching transitions diffuse. This can be attributed to different extinction coefficients for each state causing a differential absorption at the two absorption peaks so that the local absorption is a function of position along the optical path, thus smearing out the sample's response. A similar behavior was observed by Kirkby et al. I5 in an organic material. The experiments were repeated several times with the same set of samples and consistent results are obtained demonstrating the remarkable regenerative properties of bacteriorhodopsin based materials. In the case of the film we observe some damage at intensity levels of order 1 GW/cm'. For the solution samples we do not see any damage even at these levels.
We use a simple approximate two level model similar to Werner et aL9 to describe the saturation behavior of the system. The rate equation for the level population may be written as 
dI -&= -a(l where ao= No,, g= Nar (or -oz) r/h~ and the saturation intensity I,= hv/( aI + ~~2) T. For light of wavelengths close to or greater than 570 nm,-aI>a, and a(1) exhibits saturable absorption. The term a0 includes linear absorption as well as any loss due to scattering. The experimental points of transmissivity of the samples versus incident intensity are displayed in Fig. 2 . The solid lines obtained by the theoretical fit of Eq. (4)closely follow the experimental points and the parameters ob- tained by best fit are shown in Table I for the three samples studied, for both the upper and lower curves. It may be seen from the table that the saturation intensity Is is about three orders higher for the wild-type BR in water solution compared to the value for thin film and BR mutant water solution. The ratio of time constants in any two samples can be obtained from the theoretical relations for the parameters at the same wavelength, as the absorption cross sections are the same for all the samples I; Tj gi N;rt -=-r; q ' gi=Niti'
The results indicate that thin film sample of wild-type BR and water solution of the mutant are characterized by relaxation times for the M state about three orders longer relative to wild-type BR water solution. The increase is attributed to relative values of humidity in the first case and mutagenesis in the second case.3*6 This correlates well with the observed behavior of switching at low light intensities (two to three orders) for wild-type BR thin film and water solution of mutant compared to wild-type BR in water solution. It will be interesting to look at the film of the mutant which may exhibit a relaxation time for the M state of a few hours.
In conclusion we observed all-optical mirrorless bistability in three different samples of BR: (a) wild-type BR in water solution, (b) thin film of wild-type BR dispersed in a polymer matrix, and (c) genetically engineered mutant BRDsGN in water solution. For samples (b) and (c) the bistability is obtained at intensity levels approximately two to three orders lower compared to sample (a), which can be explained in terms of the relaxation time of the excited M state to the initial B state of the BR photocycle. The relaxation times for samples (b) and (c) are about three orders long compared to sample (a). Detailed studies of the dynamics involved in the transient process are in progress and will be reported elsewhere.
This research is supported by BAA Contract No. DAAK 60-92-K-002 of US Army Natick Research, Development and Engineering Center. The authors wish to thank Dr: Richard Needleman, Wayne State University School of Medicine for supplying the mutants of Halobacterium halobium, the source of BRD96N. The authors are grateful to Dr. 'F. W. Bissett for helpful discussions and encouragement.
